We report electronically nonadiabatic dynamics calculations including spin-orbit coupling for the photodissociation of CH 2 ClBr to yield Cl( 2 P 3/2 ), Cl( 2 P 1/2 ), Br( 2 P 3/2 ), and Br( 2 P 1/2 ). The potential energy is a 24 × 24 matrix (divided up here into four 6 × 6 blocks in a first approximation to the problem), in a spin-coupled fully diabatic representation obtained by combining the spin-free fourfold way with single-center spin-orbit coupling constants. The spin-free calculations are carried out by multiconfiguration quasidegenerate perturbation theory, and the fully diabatic potentials including spin-orbit coupling are fit to a matrix reactive force field. The dynamics are carried out by the coherent switches with decay of mixing method in the diabatic representation. The results show qualitative agreement with experiment.
I. INTRODUCTION
Theory has made great progress in understanding electronically adiabatic processes by taking advantage of the Born-Oppenheimer approximation 1 to separate electronic and nuclear motion. Electronically nonadiabatic processes involving two or three electronic states provide the next level of difficulty, and again considerable progress has been made. One often carries out calculations on electronically nonadiabatic processes by using what has been called a "generalized BornOppenheimer approximation" 2, 3 in which one expands 2-5 the total wave function in N fixed-nuclei electronic eigenfunctions φ j :
where R and r denote, respectively, the nuclear and electronic coordinates, and ψ j (R) is an expansion coefficient, which also serves as a nuclear wave function for nuclear motion in electronic state j. This may be called the Born-Oppenheimer representation 2, 3 or the adiabatic representation.
2, 3, 5, 6
The adiabatic representation leads to coupled differential equations for the ψ j where the coupling terms are matrix elements proportional to 2, 3, 7 F ij = −¯i φ j (r, R)| ∇ R |φ k (r, R) r (2
and
where . r denotes an integral over r, and ∇ R is the gradient operator. Note that R, ∇ R , and F jk are all 3N A -dimensional a) Email addresses: rosendo.valero@gmail.com, truhlar@umn.edu.
vectors, where N A is the number of atoms in the system, and we scale all nuclear coordinates to a common reduced mass μ. (There is no universal convention for the integral prefactors in Eqs. (2) and (3) so we chose them here to make F ij a matrix element of the nuclear generalized momentum and G ij a matrix element of the nuclear kinetic energy.) In a semiclassical approximation in which the electrons are treated quantum mechanically but nuclear motion is treated by classical mechanics, the nuclei move on potential surfaces given by V j = φ j (r, R)|H el (r, R)|φ j (r, R) r ,
where
Here H is the total Hamilton of the molecule, and H el is called the electronic Hamiltonian (although it includes nuclear repulsion). The V j are called the adiabatic potential energy surfaces, and motion on surfaces V j , V k , . . . is coupled by F jk and G jk . This may be accomplished by trajectory surface hopping 8 (TSH) or by various time-dependent self-consistentfield 3 (TDSCF) methods. A difficulty with the above procedures is that V j has discontinuous first derivatives and the F jk are singular at conical intersections, 9 which occur readily along high-dimensional seams 10, 11 (3N A -7 or 3N A -8 dimensions respectively for states of the same or different symmetry in the absence of spin-orbit coupling 10 or 3N A -11 dimensions for systems with an odd number of electrons when spin-orbit coupling is included 3, 12 ). To avoid the complexity of potential energy surfaces with cuspidal ridges coupled by singular vectors, one may transform to a diabatic representation (technically one should say "quasidiabatic," but since "strictly diabatic representations" "diabatic"). In a diabatic representation the potential energy surfaces, now called U j , are smooth, and they are coupled by smooth scalars, U jk , which are the now-nonzero off-diagonal elements of the potential energy matrix (with the U j being the diagonal elements).
The next level of difficulty in molecular dynamics is the case of nonadiabatic processes when there is a dense manifold of coupled electronic states, not just two or three. That is the case considered in the present article. In this case, working in an adiabatic representation becomes even more undesirable, both because of the considerably higher probability of intersections and because adiabatic states are expected to be less physically meaningful (they do not provide a particularly good zero-order picture). Furthermore, TSH methods could involve so many hops that the resulting trajectories would be unphysically jagged and furthermore would require an impractically small step size. Therefore there is a very high motivation to treat the problem by TDSCF methods in a diabatic representation, and this is the approach that we take here. In particular, we use the fourfold way [16] [17] [18] [19] to transform to a diabatic representation and the coherent switches with decay of mixing (CSDM) method, [21] [22] [23] [24] [25] which is a TDSCF method, to propagate the trajectories. These methods are well suited to be used together because CSDM is about equally accurate in diabatic and adiabatic representations, unlike TSH, which is on average much more accurate in an adiabatic representation than in a diabatic one.
The system under consideration in the present article is photodissociation of CH 2 ClBr, which can yield CH 2 Br with Cl or Cl * or CH 2 Cl with Br or Br*, where an asterisk denotes electronic excitation, in particular production of the spin-orbit-excited 2 P 1/2 state of the halogen rather than the ground 2 P 3/2 state. (Note that the absence of an asterisk implies the ground electronic state, and also note that we will not consider energies high enough for the photoexcited species to dissociate to an electronically excited state of either of the organic radicals.) Tzeng et al. 26 and North and coworkers 27, 28 studied these reactions by time-of-flight mass spectrometry of the products. 29 and Zhou et al. 30 performed better resolved experiments by employing imaging methods. Zhou et al. 30 rationalized their results in terms of five potential energy surfaces. The reaction has also served as a system for studying the possibility of changing the branching ratios by using shaped laser pulses. [31] [32] [33] The photodissociation of CH 2 ClBr has also been studied theoretically. The excited states are repulsive and would be expected to lead to direct dissociation. Takayanagi and Yokoyama 34 used a two-dimensional model with two diabatic surfaces based on configuration interaction with single excitations (CIS) without spin-orbit coupling and predicted that photodissociation would be statistical because of strong diabatic coupling. More complete studies were reported by Gonzalez and coworkers. They used multi-state complete active space 2nd order perturbation theory 41 (MS-CASPT2), and we note to make a connection with the work presented below that this is very similar to multi-configuration quasidegenerate perturbation theory 42 (MCQDPT). Gonzalez and coworkers calculated several electronic states without spinorbit coupling, [35] [36] [37] and they carried out dynamics by using a diabatic representation, first with N = 2 in one dimension 36 and then with N = 3 in two dimensions. 38 Their diabats were obtained by making the diabatic potentials as smooth as possible in the strong interaction region. 38 Their calculated branching ratios depended strongly on excitation energy. In a later study 39, 40 they used the same two-dimensional diabatic model to simulate changing the branching ratio by a combination of IR and UV laser pulses. Our own study presented here will include spin-orbit coupling and will involve dynamics in the full 15 dimensions with N = 24.
Section II presents the diabatic potential surfaces and couplings. Section III presents the details of the dynamical calculations. Results and discussion are in Sec. IV. Section V has concluding remarks.
II. POTENTIAL ENERGY SURFACES
Diabatic representations are not unique. The transformation to a diabatic representation does not reduce the nuclear momentum coupling of Eq. (2) or the nuclear kinetic energy coupling of Eq. (3) to zero, but the essence of using a diabatic representation is that the residual momentum and kinetic energy couplings are neglected. This is formally justified by the observation that any smooth diabatic transformation that removes the singular coupling at conical intersections makes the residual coupling of the same order of magnitude as the adiabatic-representation coupling in regions of space where the Born-Oppenheimer separation is a good approximation.
2, 43
The fourfold way takes advantage of this flexibility in the definition of a diabatic representation to define the diabatic representation in terms of molecular orbital uniformity and configurational uniformity such that three particularly desirable properties are obtained. 16, 17 First, the diabatic electronic states span exactly the same space as the N adiabatic electronic states in Eq. (1). Second, the diabatic states may be directly determined for any nuclear geometry without having to follow a path through nuclear coordinate space, and they do not depend in any way on the choice of a path. Third, the procedure is the same for any molecular system. No assumptions are made about the shape or smoothness of the diabatic potentials.
The fourfold way was originally defined for systems without spin-orbit coupling, [16] [17] [18] and it was later 19 extended to include spin-orbit coupling.
The calculation of the singlet diabatic states of CH 2 ClBr has been described previously, 19 where we developed a formalism for obtaining a spin-coupled diabatic representation general enough to treat systems where more than one atom with spin-orbit coupling can be released. In the previous study the triplet states were obtained from the singlet states by a valence bond model, 19 but here they are computed just like the singlets. In summary, the adiabatic states without spin-orbit coupling were first calculated for both C-C1 and C-Br dissociations with MCQDPT based on state-averaged complete active space self-consistent field (SA-CASSCF) calculations with 12 active electrons in 8 orbitals and the 6-31G(d) basis set. The eight active molecular orbitals are as follows:
with the six that are occupied at the Hartree-Fock level listed first, and the LUMO and LUMO+1 numbered as 7 and 8. We use the notation n and n to denote nonbonding p orbitals on the halogens. Note that in Ref. 19 the calculations were analogous to those performed here but were restricted to the SA-CASSCF level. These calculations were done separately for the singlets and the triplets so they are state averages of six singlets or six triplets (three singlets correlate with CH 2 X + Y and three with CH 2 X * + Y, and the same for the triplets, where X and Y are Cl and Br). Each of the doublet states (CH 2 X and CH 2 X * ) of CH 2 Br or CH 2 Cl combines with the six spin-orbit states of Cl or Br to yield 12 states; eight of them correspond to the halogen in a 2 P 3/2 state, and four correspond to 2 P 1/2 . We include both the ground and first excited state of CH 2 Br (in the Cl dissociation) or CH 2 Cl (in the Br dissociation), which yields a total of 24 states.
A key aspect of MCQDPT is that, like MS-CASPT2, it has qualitatively correct behavior at conical intersections. In both methods this is achieved by making a diagonalization be the last step in calculating the state energies. Both methods include both static correlation, making them well adapted to computing whole potential energy surfaces, and dynamical correlation, which is needed for quantitative accuracy.
First, the fourfold way was used to transform the valence adiabatic states to valence diabatic states for both singlets and triplets, where "valence" is used in the "V-diabatic" notation of Ref. 19 to denote the absence of spin-orbit coupling. The fourfold way requires the specification of reference orbitals, when needed (usually for degenerate nonbonding orbitals) and group lists of prototype diabatic configuration state functions. We used four reference orbitals, corresponding to two nonbonding p orbitals on each halogen atom. To simplify the application of the fourfold way to CH 2 ClBr, for the singlets only the singlet V-adiabatic states showing avoided crossings along the reaction coordinate have been included in the diabatization procedure, leaving out those adiabatic states that are separated from the rest in the strong-interaction region. Thus, the ground state and the higher (sixth) V-adiabatic SA-CASSCF states were excluded from the diabatization procedure, and the remaining four V-adiabatic states were included in the fourfold way. In Ref. 19 , we found that those excited singlet states that were diabatized (states 2-5) and the corresponding triplet states are dominated by the configuration state functions with the same occupancies of diabatic molecular orbitals, the only difference being in secondary configuration state functions and the spin coupling of the open-shell electrons. The resulting group lists of prototype configuration state functions for each of the valence diabatic states, as required for this first step, are specified in Table I . The important diabatic configuration state functions represent mainly excitations from the nonbonding orbitals of the halogens to the antibonding C-Br and C-Cl σ * orbitals. We also found that the triplet diabatic couplings between states 2 and 5 are very similar to the couplings between the analogous singlet states. Then atomic spin-orbit matrix elements were added based on atomic parentage, with Br spin-orbit coupling switched off for geometries in the Cl dissociation region and Cl spin-orbit coupling switched off in the Br dissociation region. Then another transformation yields the fully diabatic ("F-diabatic") potentials that are used for the dynamics. Other details of these steps are given in Ref. 19 .
Of the 325 off-diagonal elements in the upper triangle of the U matrix, all but 26 have a maximum magnitude (at the geometries calculated) below 0.1 eV, and these were just taken as zero. The U matrix is symmetric so that yields 52 nonzero off-diagonal elements. This approximation divides the U matrix into a relatively sparse matrix of four noninteracting blocks of six states and couplings each, but not all states within each block are coupled among them. The diabatic states and couplings are distributed as follows: states 1, 2, 3, 13, 14, and 15 Thus, there is a symmetry in the composition of the groups, in that always three states of the latter group are coupled to the three states of the former group obtained by adding twelve to their order number. This was to be expected, because the numbering is based on the structure of the asymptotic spin-orbit coupling matrices and the diabatic couplings are dominated by spin-orbit coupling (as opposed to valence coupling between the spin-free states).
The 24 diabatic potentials (U jj ) and the 26 most important diabatic couplings with j < k (U jk ) were fit to analytic functions, which may be considered to be a diabatic "reactive force field" in the usual language, although technically force fields are the negative gradients of potential fields. In particular, we designed the fitting forms for the potential matrix elements by using a combination of flexible fitting functions for the dissociative coordinates, molecular mechanics terms for spectator degrees of freedom, and switching functions to connect analytic expressions that are valid in different regions of coordinate space.
The final expression for the 24 × 24 diabatic potential matrix is written in terms of the coordinates x = {r Br , r Cl 
H 1 H 2 Br }, where r denotes stretches, θ denotes valence angle bendings, α denotes in-plane angles, and β denotes out-of-plane angles. In-plane and out-of-plane angles are appropriate for planar trigonal molecules with the carbon atom as the center atom. The values of the parameters and potentials relative to the reactant CH 2 ClBr are indicated with the R superscript, and those relative to the CH 2 Cl and CH 2 Br product fragments are indicated by the superscripts P1 and P2, respectively. The diabatic potential matrix is expressed as
where V (r Br , r Cl ) is a sparse matrix of diabatic energies and couplings that depends only on r Br and r Cl , and E(x) is a potential term common to all diabats that is based on a molecular mechanics force field. Note that the central C atom has been omitted in the definition of the coordinates x for clarity. The diagonal elements V ii are fits to sums of exponentials and Gaussians and products thereof, and the off-diagonal terms were fit to sums of 2-D Gaussians. The molecular mechanics term E(x) is decomposed as follows:
The switching functions in Eq. (6) are defined as
In what follows, the potential energies in the equations are in eV. For the QM part of the diabats the length units are Å, inverse Å, and other powers of Å, and for the molecular mechanics part, they are Å and deg for distances and angles. The units for stretching force constants are mdyne Å −1 , and for bending force constants they are mdyne Å rad −2 . The cross terms involving mixed second derivatives in angles and distance have units of mdyne rad -1 . However, the force constants have a prefactor (different for each type of term) so that the final potential energy is in eV. For stretching terms, we have f str = 6.24 (mdyne Å −1 to eV Å −2 ); for bending terms, including in-plane and out-plane bending terms and bend-bend cross terms, f bend = 0.0019 (mdyne Å rad −2 to eV deg −2 ); and for stretch-bend terms, f strbend = 0.11 (mdyne rad −1 to eV Å
. Note the Hooke's law one-half factor in front of the potential energy expressions for the stretch and bending terms (see below).
A. Fitting of diabatic energies and couplings for dissociative coordinates
The values of the stretching coordinates were chosen so as to form a two-dimensional (2D) grid that represents the rupture of either one of the C-Br or C-Cl bonds. For C-Cl in its equilibrium distance (r Cl = 1.7625 Å) and for the values of r Cl = 1.6 and 2.3 Å, r Br was varied from 1.45 to 5.0 Å; and for C-Br in its equilibrium distance (r Br = 1.934 Å) and for the values of r Br = 1.7 and 2.5 Å, r Cl was varied between 1.3 and 5.0 Å. A total of 147 points was thus obtained. The molecule always keeps C S symmetry, but no symmetry restrictions were applied to the MOs in the SA-CASSCF calculations. The 147-point 2D sets of diabatic energies were fitted to the expressions in Eqs. (12)- (14) by means of the GNUPLOT software.
The choice of functional forms for the diabatic energies has been guided by their shape in the 2D space of C-Br and C-Cl coordinates. As the lowest diabat is dominated by a deep minimum close to the CH 2 ClBr equilibrium distance, we have chosen a mixed form with purely repulsive terms and Gaussians, with some terms depending on the product r Br r Cl to capture the correlation between the two coordinates. Thus, we used a unique functional form for the lowest diabatic potential: 
The diabatic potentials i = 2, . . . ,12 have in general a dissociative shape in both C-Br and C-Cl coordinates, but some shallow minima show up at short internuclear distances. Thus, the functional form is composed mainly of purely repulsive terms but also a product of Morse functions in r Br and r Cl is introduced 
Finally, the expression for the diabatic potentials i = 13,. . . ,24 has a mixed form, with products of functions of Morse and anti-Morse type and powers of them
The diabatic couplings have in general a simple shape that resembles a Gaussian in a given (C-Br or C-Cl) coordinate centered at intermediate dissociation distances and with varying height as the other coordinate varies. Thus, we have chosen a product of Gaussians to fit them
The root mean-square deviation (RMSD) of the 2D fits of the diabatic energies is relatively large, and varies between about 0.5 eV and 1.3 eV, with the lowest-energy states having in general a smaller deviation. The errors obtained in the fits could be diminished by adding more functional forms/parameters, but we found that doing so it is difficult to avoid artifacts (namely, negative energies) in regions where no data points are present, in particular, distances shorter than about 1.6 Å for either C-Br or C-Cl. Thus, we have chosen to define relatively few parameters and obtain smooth potential functions with no artifacts. We mention that diabat number 1 still shows negative energies at short distances, but in this case we have kept the functional form due to its good behavior, particularly close to the CH 2 ClBr equilibrium distance, and have corrected the negative energies by adding a repulsive term at short distances (see below). Figure 1 shows fits for diabatic states numbers 2 and 13 along the dissociation coordinates. The first state is representative of repulsive states 2-12, and the second state of states 13-24, which have relatively well-defined minima. Figure 2 shows fits of diabatic couplings for the coupling between states 2 and 13, a relatively small coupling, and the coupling between states 13 and 15, a relatively large coupling. As can be seen, the shape of the fits to diabatic energies and couplings is reasonable and the asymptotic limits are rather well reproduced. Finally, Figure 3 shows the sets of all fitted 24 diabatic energies, and Figure 4 shows the 26 diabatic couplings.
The fits give diabatic potentials that do not all go to the correct asymptotic limits. Therefore, we have enforced the coincidence of all the diabats that correlate with CH 2 X + Y (for the notation, see above) with the lowest diabat (Eq. (12)) when either one of the dissociative coordinates reaches 10.0 Å, and for these same conditions, the coincidence of all the diabats that correlate with CH 2 X + Y * with diabat number 3, of all the diabats that correlate with CH 2 X * + Y with diabat number 13, and of all the diabats that correlate with CH 2 X * + Y * with diabat number 15. First, we calculate the value of the potentials in Eqs. (12)- (14) for such a value of the r Br distance and separately for the same value of the r Cl distance. Let us call the one-dimensional potentials resulting from the choice of this particular value of the C-Br distance W 11 (r Cl ) and W ii (r Cl ), i = 2, . . . , 24. Then we define the following switching function:
and correct the dissociative curves to the right asymptotic limits for the diabatic states that correlate with ground-state bromine atom at dissociation, and
for the diabatic states that correlate with excited-state bromine atom at dissociation, where 0.4569 eV is the value of the spinorbit splitting of bromine and also the difference between the asymptotic limits of diabats numbers 1 and 3 for ground-state CH 2 Cl and of diabats numbers 13 and 15 for excited-state CH 2 Cl. Likewise, we define two potentials at a r Cl distance of 10.0 Å, which we call W 11 (r Br ) and W ii (r Br ), i = 2, . . . , 24.
We define the switching function
and apply it to correct the C-Cl asymptotes as The parameters and RMSD of the diabatic energy fits to the expressions in Eqs. (12)- (14) (i.e., before adjusting the asymptotic energies) are shown in Table II . Note that most values of the RMSD are below 1 eV and are generally better for states 1-12, since these states have a simpler shape, with dissociative behavior for most regions of the 2D space, than states 13-24, which show minima at intermediate values of either the C-Br or the C-Cl coordinate and also show some irregularities. This non-smooth behavior is due to the truncation of the electronic space to the lowest six valence singlets and triplets, which eliminates other, higher-energy states that would be important to achieve a smooth diabatization at those energies. We note, however, that this truncation is not expected to affect the dynamics at the total energies we have chosen in this work (see below). One should consider not only the errors in the fits, but the errors in the data fitted, i.e., that MC-QDPT theory itself differs from complete CI. It is hard to estimate the effect of the errors in the fits and the data fitted without repeating the calculations with systematic variations in the analytic potentials, and even doing that exposes one to the well-known inadequacies of sensitivity analysis. This is a general problem not just with the present dynamics calculations based on fits, but also with direct dynamics calculations, where one seldom sees attempts to quantify the effect on the TABLE II. Parameters of the fits of the dissociative coordinates of the diabatic potential energy surfaces and RMSD values. Units are eV for C 1 -C 15 , eVÅ −1 for C [16] [17] , and eVÅ −2 for C [18] [19] , for diabatic state 1; eV for C 1 , C 4 , C 7 , C 10 , C 13 , C 18 , C 20 ; Å −1 for C 2 , C 5 , C 8, C 11 , C 14 , C 16 , C 19 , C 21 , C 23 ; Å for C 3 , C 6 , C 9, C 12 , C 15 , C 17 , C 22 , C 24 ; Å −2 for C 19 , for diabatic states 2-12; and eV for C 1 , C 6 , C 11 , C 10 , C 16 , C 21 , C 26 ; Å −1 for C 2 , C 4 , C 7 , C 9 , C 12 , C 14 , C 17 , C 19 , C 22 , C 24 , C 27 , C 29 ; Å for C 3 , C 5 , C 8, C 10 , C 13 dynamics of deviations in the potentials from those that would be obtained with complete configuration interaction. We note, however, that one large contribution to the errors in the fits comes from the repulsive regions of the potentials, where a large error in energy units is less significant when considered in terms of movement of the repulsive walls. Nevertheless, the qualitative agreement we obtained with experiment with these simple fits demonstrates the utility of the method of fitting diabatic potentials with analytic functions based in part on molecular mechanics. The parameters and RMSD of the diabatic coupling fits to Eq. (15) are shown in Table III . As can be seen, the RMSD oscillates between about 0.1 eV and 0.3 eV, which is much less than for the diabatic energies due to the smaller absolute values of the diabatic couplings and in part also to their simpler shape.
B. Molecular mechanics functions for spectator coordinates
The molecular mechanics functions for CH 2 ClBr were either smoothly turned off if they do not exist in the CH 2 Br and CH 2 Cl products, or they were transformed into those of the products as the dissociative coordinates are stretched. Likewise, potential terms that only exist in products were smoothly turned on as the corresponding asymptote is approached. The parameters of the switching functions are chosen so as to ensure that these conditions are fulfilled, but no attempt was made to fit them to ab initio calculations. Full details are given in the supplementary material 61 along with Refs. [44] [45] [46] for the MM3 parameters that we used.
The diabatic potentials are shown in Figs. 1-3 . In these figures, the C-Br or C-Cl bond is stretched while keeping the other internal coordinates at their equilibrium values. The molecule thus retains C s symmetry. The zero of energy is the lowest spin-free asymptotic limit, i.e., CH 2 Cl(X 2 A ) + Br( 2 P). The structure and frequencies of the ground state of CH 2 ClBr and the ground-state dissociation energy D 0 for producing CH 2 Br + Cl or CH 2 Cl + Br are given in Table IV . Note the good general agreement of the features of both the reactant CH 2 ClBr and the products, which are also situated energetically with good accuracy. Further exploration of the ground-state potential surface has revealed that there exist weekly bound complexes of the form iso-CH 2 X . . . Y where X and Y are either Cl or Br and the halogens make a weak bond with each other. In previous studies, complexes of this kind have been identified, many of them between closed-shell species and halogen atoms, [47] [48] [49] [50] [51] but also between the halogen atom and one bound halogen in the remaining radical (e.g., formation of iso-bromoform in the photolysis of bromoform in solution, 52 and formation of iso-chloroiodomethane in the photolysis of chloroiodomethane in cryogenic matrices). 53 We have identified the CH 2 X . . . Y complexes at the MP2/6-311+G(d,p) level of theory, and their geometries and frequencies are also reported in Table IV . Their energies relative to the respective dissociated complexes at the MP2/6-311+G(d,p) level are -15.2 kcal/mol for the CH 2 Br . . . Cl complex and -4.7 kcal/mol for the CH 2 Cl . . . Br complex. It is important to note that CH 2 Br and CH 2 Cl are planar or quasiplanar according to experiment. [54] [55] [56] Thus, we have defined these radical products as planar in our potential form despite them being non-planar at the MP2/6-311+G(d,p) level. We have not included the complexes in our potential form.
III. DYNAMICS CALCULATIONS
The dynamics calculations were carried out by CSDM, which introduces decoherence into the electronic degrees of freedom of a trajectory propagating on a self-consistent potential. We ran 115 trajectories for each total energy and initial state.
The numbering of the diabatic states is based on the spinorbit coupling matrix; the numbering corresponds approximately to the energetic ordering of the states, but not precisely since the diabats cross each other. The notation 6(Br,Cl), for example, denotes a trajectory beginning in state 6, and the parenthetical is a state that correlates upon dissociation of the C-Br bond with ground-state Br( 2 P 3/2 ); and upon dissociation of the C-Cl bond it correlates with ground-state Cl( 2 P 3/2 ). The notation 5(Br * ,Cl * ) denotes trajectories that start on state 5, which correlates upon C-Br dissociation with electronically excited Br( 2 P 1/2 ) and upon C-Cl dissociation with electronically excited Cl( 2 P 1/2 ). Correlations are as follows: states 1-12 correlate with CH 2 X upon dissociation of the C-Y bond, and states [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] We consider two values of the total energy E, which is defined as the total energy relative to the harmonic zero point vibrational level on the ground adiabatic potential energy surface. Our potential surface yields 0.78 eV for that zero point energy, in good agreement with an ab initio value of 0.80 eV calculated by MP2/6-311+G(d,p). The two total energies, 5.0 and 6.4 eV, chosen for study here are equal to the photon energies of two of the experimental studies. Note that a 
geometries, MCQDPT energies, and CASSCF(7,5) frequencies. total energy of 6.4 eV puts us at 4.4 eV on the scale of Fig. 3 .
For each total energy E and initial excited diabatic electronic state j considered, we selected initial conditions for the trajectories by the same method as in a previous study of photodissociation of ammonia, 57, 58 but here using a Wigner ground-vibrational-state probability distribution for the lowest adiabatic potential energy surface. Each sample of this distribution yields a set of coordinates R and momenta P R . Then we calculate
If E 0 agrees with E within a tolerance E, we accept the initial conditions R, P R ; if not we take another sample. This procedure generates an excited state distribution consistent with the Franck-Condon principle. We set E equal to 0.01 eV. Several states have negligible FranckCondon factors with the ground adiabatic electronic state. Therefore, those states were not considered as initial states in the dynamics.
The trajectories were calculated by the CSDM method in the fully diabatic representation. The fully adiabatic representation that would result from diagonalization of the fully diabatic one cannot be used in the dynamics because extremely small time steps would be required to ensure good energy conservation. The trajectories were propagated with a specially designed variable-time-step integration scheme 59 in the ANT program 60 with an initial time step of 1 fs, which yields good energy conservation (to about 10 −6 eV for the shortest trajectories and 10 −2 -10 −3 eV for the longest ones). Because decoherence is included, each trajectory ends in a definite electronic state.
Because the density of states is high, the number of places where the CSDM algorithm sets the locally coherent density matrix equal to the decay of mixing density matrix 20, 25 is also large. This is a mild operation, and so it does not lead to jagged trajectories such as would be generated by frequent surface hops, which have discontinuous momenta (there are no surface hops in CSDM).
IV. RESULTS AND DISCUSSION
At low energy, the Franck-Condon excitation process populates states with a steepest descent path leading to Br or Br * , whereas at high energy no definite statement can be made.
The trajectories are stopped when either Cl or Br is 10 Å away from CH 2 X. At 5 eV, the dynamics is direct with a typical trajectory time of 300-400 fs. At 6.4 eV the states that correlate with CH 2 X * are accessible in the molecular region but not asymptotically; therefore trajectories can get trapped until they relax to one of states 1-12. Some trajectories did not even complete in 20 ps, which is the maximum time allowed by the program; such trajectories are discarded, but this does not have a large effect on the final results because such trajectories constitute only about 0%-5% of the total number.
The results are given in Table V To compare quantitatively to experiment we would need transition dipole matrix elements to compute correct weights for the various initial states, but we can make some preliminary observations without these.
First, the results are clearly nonstatistical with a strong dependence on photon energy and initial state.
Second, the Br * /Br branching ratios at 5.0 eV are qualitatively in agreement with experiment, and these ratios at 6.4 eV could be in agreement with experiment, depending on the unknown Franck-Condon factors and transition dipole matrix elements.
Third, the [Br + Br * ]/[Cl + Cl * ] ratio is roughly consistent with experiment at 5.0 eV, predicting a small percentage of total chlorine dissociation, and the ratio could also be con- sistent with the experiment at 6.4 eV, again depending on the weighting of the different states. It is interesting to note that all the branching ratios of states 1-12 are roughly similar as are those of states 13-24, and the latter are all larger and close to one.
V. CONCLUDING REMARKS
Polyatomic systems with a dense manifold of excited electronic states are very important in many applications, but theoretical treatments of such cases have been rare. We have shown here that the fourfold way diabatization scheme and the coherent switches with decay of mixing dynamics method can be used together to carry out electronically nonadiabatic dynamics calculations on a polyatomic system with a dense manifold of electronic states. We find that the dynamics are nonstatistical, and in four comparisons the branching ratios are in qualitative agreement with experiment. Further analysis will require improved potential energy surfaces and couplings and the calculation of Franck-Condon factors and transition dipole matrix elements.
